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Double photoionization spectra of Kr have been recorded using monochromatized synchrotron radiation of 88 eV photon energy and a versatile multielectron coincidence time-of-flight spectroscopy technique. 
I. INTRODUCTION
Double ionization of atoms and molecules induced by single-photon absorption has been the subject of intense research for many years. A major focus of interest has been direct double ionization, meaning a simultaneous release of two electrons, in a process requiring strong electron correlation. The indirect double photoionization process, in which an intermediate singly ionized state is first formed (by a one-photon two-electron transition) and then decays by autoionization to a doubly charged ion, has been much less well studied. It is only with the advent of multicoincidence techniques that the second step, autoionization, in indirect double photoionization can be studied directly and the branching of particular monocationic levels to final dicationic states determined. Experimentally, the np −2 double ionization of the noble gases has been explored to a considerable extent (see, e.g., Refs. [1] [2] [3] [4] , and references therein). Double photoionization (DPI) leading to higher excited states of the dications, e.g., with a vacancy in the outermost s subshell, has received comparatively less attention. So far, neon has been thoroughly explored and the cross section for the formation of states related to the 2s 1 2p 5 and 2s 0 2p 6 configurations has been determined by both optical spectroscopy [5] and electron-electron coincidence spectroscopy [6] . Threshold photoelectron coincidence (TPEsCO) [7] studies have been carried out for photon energies covering the entire region below the core levels in neon and argon [8] , as well as in xenon [9] .
In this work, we present an electron-electron coincidence study of doubly ionized krypton atoms, using the time-offlight magnetic bottle spectrometer technique with full energy multiplexing (Ref. [3] , and references therein) at a photon energy of 88 eV. This is sufficient for the formation of dicationic states with energies up to and including the 4s 0 4p 6 1 S state, but below the binding energy of the 3d core levels. Assignments of most of the lines, based upon data from high-resolution optical spectroscopy collected in the NIST database [10] and upon Auger electron spectroscopy studies [11, 12] , provide a much more complete characterization of the process than before. At the chosen photon energy, the Kr photoelectron spectrum [13] shows a strong (
S series of satellites, as well as a complicated satellite spectrum in the binding-energy region above 40 eV. Their influence on the formation of the states derived from the 4p 4 ground-state configuration is investigated in detail and shows remarkable selectivity in the autoionization branching.
II. EXPERIMENTAL DETAILS
The experiments were carried out using pulsed monochromatized synchrotron radiation as available at beam line U49/2 PGM-1 of the BESSY-II storage ring in Berlin, Germany. The storage ring was operated in single-bunch mode, providing light pulses at a rate of approximately 1.25 MHz. The magnetic bottle Time-Of-Flight (TOF) PhotoElectron-PhotoElectron COincidence (PEPECO) technique was used to measure the energies of all electrons liberated by single photons. Its principle has been reported earlier [4] . For the present studies, a 2.2-m-long magnetic bottle flight tube has been employed to determine the flight time of each of the two electrons ejected upon double ionization and detected in coincidence. Due to the long flight tube, near-zero kinetic-energy electrons have a typical flight time of ∼4 μs, while those electrons with kinetic energies in excess of ∼21 eV have TOFs shorter than the inter-light-pulse period (∼800.5 ns). This means that the light pulses provided by the BESSY-II storage ring, even when operated in single bunch mode, do not provide an absolute time reference in particular for low-kinetic-energy electrons. For unambiguous determination of the TOF of the electrons, the light pulse frequency was therefore reduced to ∼78 kHz by means of a mechanical chopper [14] . The electron counting rate was held at approximately 3 kHz and the photon energy resolution was below 10 meV. The sample gas was obtained commercially with a stated purity of better than 99%. Figure 1 shows an electron-electron coincidence map of krypton ionized by 88 eV photons, where the kinetic energy of the first arrival electron (fast electron) is plotted versus the kinetic energy of the second arrival electron (slow electron). The intensity in the map is distributed along the lines of the constant kinetic-energy sum of two electrons, which correspond to states of the dication, where a lower kinetic FIG. 1. An electron-electron coincidence map of krypton ionized by 88 eV photons. The grayscale indicates the intensity (coincidence counts) of a channel (50 × 50 meV for the full map, 10 × 10 meV for the inset). To enhance weak features, the intensity in the map is scaled by taking its square root; in addition, an intensity above 225 is drawn as dark black. In the lower left corner of the map, spots of intensity are seen which originate from second-and third-order light, as discussed in the text. sum corresponds to a higher double-ionization energy. The intensity distribution reveals how the excess energy is shared between the two electrons. A dark spot on the map represents double ionization via an intermediate singly ionized state, as in that case the kinetic energies of both electrons are fixed, within a narrow range if lifetime broadening of the intermediate state is negligible. Diagonal lines in the map indicate substantial direct double ionization, as the excess energy can be shared in a continuous manner. As can be seen in Fig. 1 , in general both indirect and direct double-ionization pathways are possible, but indirect ionization tends to contribute less to the intensity at higher ionization energies. Figure 2 shows the complete electron spectrum of doubly ionized Kr states between 35 and 75 eV ionization energy. An asymmetry in the peaks in Fig. 2 is noted and attributed to a spectrometer effect, most notable for electrons with comparatively high kinetic energies. In view of this, the maxima of the observed peaks in the double-ionization spectrum are given in Table I , along with peak areas and assignments. Because of the difficulties encountered in properly modeling the peak shapes, we expect the extracted areas to be accurate only to within 10% for the most intense peaks. For the weaker peaks at higher (>55 eV) ionization energy, a nonlinear background prevents an additional complication and hence the reported intensities of these peaks are mostly indicative.
III. RESULTS AND DISCUSSION

A. The Kr double-ionization spectrum
The first group of lines is located in the 35-45 eV region. The lines correspond to the 4p 4 ( Above 50 eV ionization energy, a large number of features can be observed. The first two strong peaks located at around 53 and 56 eV can be readily assigned to the 3 P and 1 P states of the 4s4p 5 configuration. As for the 4p 4 3 P states, the fine structure of 4s4p 5 3 P is only partially resolved. At higher ionization energies, the spectrum becomes highly complex, as excited configurations of the type 4p 3 nl give rise to many possible states. At around 62.7 eV ionization energy, an intense peak is observed. From studies of the M-NN Auger decay [15] , it is known that strong configuration interaction (CI) between 4p 3 4d and 4s4p 5 causes large redistribution of the intensity for the J = 1 levels, and therefore we attribute line 7 to be a 4p 3 4d
1 P 1 satellite. Numerous other, less intense features are also observed in the energy region 52-65 eV. As individual peaks are not resolved, it is difficult to determine if there is a systematic behavior of the intensities. It appears (e.g., structure 3) that states with high J values (J > 2), whose intensity cannot be explained by CI with the 4s4p 5 configuration, also acquire non-negligible intensities.
At ionization energies above 65 eV, five moderately strong peak structures are observed. Most of the intensity likely appears because of spectral artifacts originating from the double Auger (DA) decay of the 3d core holes [16, 17] ionized by second-and third-order synchrotron light. While a triple ionization event in reality, the DA electrons appear in the two-electron coincidence data when the photoelectron is not detected. Their contribution to the intensity of the doubleionization spectrum can be estimated from triple electron coincidences, when the 3d photoelectron is detected, and is indicated in Fig. 2 . However, part of feature 13 comes from double ionization and can be assigned to the 4s 0 4p 6 1 S state [10] . We note that this assignment disagrees with Ref. [15] , but is supported by a recent calculation by Pernpointer et al. [18] .
B. Double-ionization processes
The relative areas of the three outermost line structures reflect the probabilities of creating the The observed intensity ratios of 7.1:10.6:1, as obtained from the peak areas, are different compared to previous experimental observations using ionizing radiation from He II [4] . Part of the explanation is contributions to the intensity from indirect double ionization via intermediate singly ionized states. Obviously, some of them were not energetically accessible in the work of Ref. [4] and, in addition, those that were appear to be of less importance at the present photon energy.
In Fig. 3(a) , the low-kinetic-energy part of the electronenergy distribution associated with the formation of the 4p Table II . The observed peaks arise because of autoionization to the 3 P states; for comparison with photoelectron spectroscopy (PES) studies, one of the two energy scales represents the electron kinetic energy plus the formation energy for the 3 P 2 ground state of the dication. Here and subsequently, we assume an energy of 38.3594 eV for the 3 P 2 state according to the NIST database [10] . At the present photon energy of 88 eV, the most intense satellite features in the Kr photoelectron spectrum in the binding energy region 38-40 eV are attributed to the ( 1 D)nd 2 S states [13, 19, 20] . In the autoionization spectrum of Fig. 3(a) , this is manifested by a series of strong peaks (3, 7, 11, 13, (15) (16) (17) (18) splitting in the dication. The relative intensity of the repeated series is enhanced in Fig. 3(b) , where we have selected a subset of the coincidence data according to an energy which corresponds to the formation of the 3 P 1,0 final states. We note that overlap with the decay to the 3 P 2 state occurs, in particular, for n = 11,14. In addition, a weak feature at a binding energy approximately corresponding to peak 1 in Fig. 3(a) was observed in a photoelectron spectrum recorded at 68.5 eV by Caló et al. [20] . However, it was not reported in the 125 eV study by Alitalo et al. [19] , and we note that peak 5 in Fig. 3(a) has no correspondence in the photoelectron spectra of either study. In view of these observations, we assign the repeated series as dominated by ( [24, 25] , and only weak transitions to the J = 1,0 levels were observed. The apparently much smaller 3 P 2 / 3 P 1 branching ratio observed here for the decay of the Kr + states compared to Br may, to some extent, be explained by the increased effective charge of the nucleus, increasing spin-orbit effects. Another obvious difference is the presence of an escaping photoelectron in the present case so that coupling between the continuum channels should be considered. However, estimating the importance of such couplings will require theoretical investigations which Fig. 3 ) has been selected. The energy scale is the ionization energy of the indicated state plus the electron kinetic energy. The intensity scale is common, but traces have been offset vertically. are beyond the scope of the present work. We note, as already pointed out in Ref. [4] , that a weak decay to the 3 P 0 final state can be more readily explained, as the 3 P 0 d continua are not allowed for a J = 1/2 state and hence a change of angular momentum for the Rydberg electron would be required.
A number of weaker features, peaks 2 and 4, and the partly resolved peaks 12 and 14 are also seen in Fig. 3(a) . Assignments of them are not clear cut, as many states may contribute [19, 26] , but in the study of Caló et al. [20] the previous assignment [19] [27, 28] and (probably) at the He II photon energies [4] . Hence, we tentatively assign it to that state.
In Fig. 4 , the distributions for the formation of the states related to the 4p 4 configuration are shown on a singleionization energy scale. The photoelectron spectrum of Kr in the ionization energy region 42-65 eV was included already in the study by Kikas et al. [13] and is very complex. The many overlapping spectral features make assignments difficult. However, below 50 eV ionization energy, some clear lines can be distinguished, which are summarized in Table III along with estimates of the branching ratios of the decay. In the distribution for the analysis suggests that they should be attributed rather to the 3 P state, and appear here due to the imperfect final-state selection.
The 4s4p 5 np states have been studied extensively in the spectator Auger decay of the 3d −1 np optical resonances [15, [29] [30] [31] , and approximate positions are indicated in Fig. 4 . Such states can arise due to monopole shakeup accompanying the 4s ionization, which is expected to dominate at high energies. However, in analyzing the corresponding satellite spectrum of argon at 100 eV photon energy, Combet-Farnoux et al. [32] found that electron correlations, in particular in the ground state, were more important in explaining the intensity of the satellites. A similar case can be expected for the present system and a detailed understanding of the distributions shown in Fig. 4 requires theoretical input. The single-configuration notation used here should be regarded as convenient labels; few of the states are expected to be dominated by single-configuration weights [31] .
Regardless of the formation process, the selectivity in autoionization of the satellites to the states of the 4p 4 configuration is striking. The 4s4p 5 4d, 4s4p 5 5s, and, in particular, 4s4p 5 5p satellites all favor autoionization to the 4p 4 3 P 2,1 states. We note that this differs from the Ar case, where autoionization to the 1 D final state dominates for the most intense satellites [32] . At higher ionization energies, most of the intensity is observed as autoionization to the 1 D state. The most prominent example is the series of broad and asymmetric peaks leading up to the double-ionization limit of the intense 4p 3 4d
1 P satellite (cf. Fig. 2 ), which is clearly observed in the 4p 4 1 D distribution but is very weak in the 3 P and 1 S distributions. Peaks at similar energies do, however, also appear in the electron distributions related to the 4s4p 5 final states (not shown).
The intensity of the direct DPI channel can be estimated from the data by counting the continuum parts of the energy distributions, as has been done in previous works [4, 6] . We follow the work of Ref. [6] and estimate the continuum parts by fitting a hyperbolic function to a number of points in the distributions. In the present case, this approach appears reasonable for the 4p 4 3 P and 1 S states, as regions comparatively free of resonance structure are apparent at several points in this energy range, but considerable difficulties are met for the 1 D state, as essentially the whole available energy range shows some involvement of indirect channels and interference can be present. Keeping the limitations of the approach in mind (see Ref. [6] ), we estimate the continuum parts to account for 40%, 50%, and 70% of the intensity of the 4p 4 3 P , 1 
D, and 1
S states, respectively. In a similar way, the continuum parts of the distributions related to the 4s4p 5 3 P and 1 P states account for approximately 60% and 80%, respectively, of the intensity. The distributions of higher-lying dicationic states appear essentially free of peak structures.
IV. CONCLUSIONS
The complete double valence photoionization spectrum of krypton has been investigated using the magnetic bottle TOF-PEPECO method. In the formation of the 4 configuration, indirect double ionization via intermediate singly ionized states account for at least half of the total intensity. The autoionization processes show strong selectivity, which cannot be explained on the basis of known propensity rules and thus presents a challenge to existing theory.
